The kinetochore is a complex molecular machine that serves as the interface between sister chromatids and the mitotic spindle. The kinetochore assembles at a particular chromosomal locus, the centromere, which is essential to maintain genomic stability during cell division. The kinetochore is a macromolecular puzzle of subcomplexes assembled in a hierarchical manner and fulfils three main functions: microtubule attachment, chromosome and sister chromatid movement, and regulation of mitotic progression though the spindle assembly checkpoint. In the present paper we compare recent results on the assembly, organization and function of the kinetochore in human and Drosophila cells and conclude that, although essential functions are highly conserved, there are important differences that might help define what is a minimal chromosome segregation machinery.
Centromere-kinetochore interface
Eukaryotic centromeres are highly variable in size and sequence and centromeric DNA does not appear to be conserved either between different species or even between different chromosomes of the same species. Human and Drosophila chromosomes contain large regional centromeres as opposed to the point centromeres identified in budding yeast. All centromeres are characterized by the unique presence of CENP-A, a histone H3-variant that binds selectively to centromeric chromatin through CATD (CENP-A conserved targeting domain) that is thought to serve as an epigenetic mark involved in the specification and maintenance of centromere identity (for details on centromere-kinetochore components, see Table 1 ). In all reported species, CENP-A has been shown to be essential for the recruitment of all other proteins required for kinetochore structure and function and, currently, CENP-A (CID in Drosophila) is the only conserved centromere-specific protein identified in both Drosophila and humans. Above the centromere, at what has been described as the inner kinetochore, Drosophila and humans also share CENP-C [1, 2] , a large protein that in humans binds α-satellite DNA [3] by directly interacting with the non-conserved CENP-B [4] . Both in Drosophila and humans, CENP-C has been proposed to play an essential role in kinetochore assembly [5] [6] [7] , suggesting a conserved role between species.
Recent molecular studies have identified a number of proteins that constitutively associate with the centromerekinetochore interface and that are conserved in vertebrates, but have not been identified in Drosophila [8] [9] [10] [11] . Interestingly, in humans, although most of the constituents exhibit a temporal order of assembly at kinetochores, the emerging data on the CCAN (constitutive centromere-associated network) do not support a single linear assembly pathway. The multi-protein CCAN complex localizes at the inner kinetochore and is thought to perform essential functions in establishing centromeric organization and ensuring full kinetochore assembly.
CCAN constituents may be subdivided into different subcomplexes based on their inactivation phenotypes and specific protein-protein interactions. CENP-N has recently been described as the first protein to selectively bind CENP-A nucleosomes through the CENP-A CATD domain [12] . CENP-N is implicated in the centromere assembly pathway of CENP-A and shown to direct the localization of the CENP-H complex via a direct interaction with CENP-L [12] . Furthermore, in HeLa cells, CENP-N localization at centromeres is interdependent with CENP-T, a component of the CENP-T/W complex [9] , suggesting that CENP-N plays a central role in the early stages of centromere assembly. Accordingly, human CENP-T also has been shown to interact directly with CENP-A and CENP-B [13] and, in chicken DT40 cells, disruption of the CENP-T/W complex causes chromosome missegregation and loss of kinetochore assembly [14] , suggesting that the CENP-T/W complex acts as a platform connecting centromere specification to CCAN assembly. A recent study has identified two novel CCAN proteins that are present in human and DT40 Dependent on CID and Cal1 [7] .
Effects on KT assembly and chromosome congression/ segregation.
Strong mitotic delay [3, 44] Effects on KT assembly and chromosome congression/ segregation.
Strong mitotic delay and aneuploidy [7] n.d. Cal1 n.a Dependent on CID and CENP-C [7] n.a. Strong mitotic delay; no effect on cell ploidy [ n.a. n.a. n.a. Effects on KT-MT attachment and chromosome segregation [6] cells, CENP-S and CENP-X (CENP-S complex), that are dependent on the CENP-T/W complex for localization to centromeres and the depletion of which leads to several mitotic errors [15] . One other CCAN subcomplex that also localizes to the centromere downstream of the CENP-T/W complex is the CENP-H complex, composed of CENP-H, -I and -K proteins. The centromere localization of the CENP-H complex has been shown to be dependent on CENP-A and CENP-N in HeLa cells [12] and dependent on CENP-C and the CENP-T/W complex in DT40 cells [11] . Furthermore, CENP-I inactivation in HeLa cells causes mislocalization of outer kinetochore components Mad1, Mad2 and CENP-F and cells exhibit transient cell-cycle delays in G 2 and mitosis [16] . The CENP-O complex is composed of CENP-O, -P, -Q, -R and -U( − 50) and, in human cells, depletion of CENP-O has been shown to cause defects in spindle assembly and mitotic progression [17] . Moreover, CENP-O has been proposed to play a role in generating correct microtubule attachment [18] , although a recent study suggests a more direct role in microtubule interaction by demonstrating that CENP-Q is able to bind microtubules in vitro [19] . Currently, none of the human CCAN constituents has yet been identified in Drosophila. Instead, a Drosophila genome-wide screen has identified the proteins CAL1
and CENP-C as essential factors for assembly of CIDcontaining nucleosomes [7] . CID, CAL1 and CENP-C co-immunoprecipitate and are mutually dependent for centromere localization and function, arguing in favour of a much simpler centromere-kinetochore interface specific to Drosophila chromosomes. These results suggest that, in Drosophila, CENP-C, CID and CAL1 may fulfil all essential CCAN functions. Alternatively, Drosophila kinetochores might posses other highly divergent proteins that may substitute for CCAN proteins. However, the interdependence between CENP-C and CID for their localization is a feature that has been shown to be exclusive to Drosophila chromosomes.
Kinetochore-microtubule attachment
The interface responsible for the interaction between microtubules and chromosomes involves a conserved supercomplex of proteins, known as the KMN (KNL1/Mis12/Ndc80) network, which is composed of the KNL1 protein (also named Spc105 or Blinkin) and the Mis12 and Ndc80 subcomplexes.
Biochemical studies performed in human cells identified two distinct microtubule-binding activities within the KMN network: the first was shown to be associated with the Ndc80/Nuf2 subunits of the Ndc80 complex, and the second with KNL1 [20] . No co-sedimentation with microtubules was detected for the Mis12 complex alone; however, when complexed with KNL1, enhanced microtubule-binding activity was observed. The same behaviour was observed in the absence of the two other subunits of Ndc80 complex Spc24/Spc25 [20] . In support of this model, recent studies demonstrated that Aurora B kinase phosphorylates three spatially distinct targets within the KMN network which are essential for generating different levels of microtubulebinding activity, resulting in a tightly regulated mechanism [21] . Within the KMN network, the Ndc80 complex provides a direct interaction with microtubules [22] . In HeLa cells Nuf2 and Ndc80 were shown to be necessary to form stable kinetochore-microtubule attachments [23] . Moreover, the N-terminal regions of both proteins contain CH (calponin homology) domains that interact with microtubules [20, 24, 25] , and this specific microtubule binding appears to involve electrostatic interactions mediated by the disordered N-terminal tail of Ndc80 [26, 27] .
The Ndc80 complex in Drosophila is highly divergent in sequence when compared with other species. Despite this, loss of any Ndc80 constituent in Drosophila leads to the formation of elongated mitotic spindles with a scattered distribution of chromosomes and extensive missegregation [6] . Owing to the similar phenotypes observed after Ndc80 complex depletion in Drosophila and humans, it has been proposed that this complex plays a conserved role in kinetochore-microtubule binding in both species.
KNL1 also displays microtubule-binding ability. Interestingly, KNL1 depletion in human cells does not cause phenotypes as severe as those observed in Caenorhabditis elegans or Drosophila [6, 28] , nevertheless, the stability of kinetochore-microtubule binding in KNL1-depleted cells was shown to be affected, as k-fibres in these cells were shown to be sensitive to low temperatures [29] . In Drosophila, depletion of Spc105R (the KNL1 homologue), causes a kinetochore-null phenotype, with chromosomes scattered along the spindle displaying impaired chromosome congression, alignment and segregation phenotypes which together suggest that kinetochore-microtubule interactions are severely affected [6] . One study performed in Drosophila embryos hypothesized that the repetitive middle region of Spc105R could contribute to regulated electrostatic interactions with spindle microtubules, similar to the Nterminal tails of Ndc80 [30] . Although the human Mis12 complex (composed of Dsn1, Nnf1, Nsl1 and Mis12) does not interact with microtubules directly, it appears to bridge the interaction between the Ndc80 and KNL1 subcomplexes that have both been shown to have microtubule-binding ability [20] . Whereas the Mis12 complex is not fully conserved between Drosophila and vertebrates (the former does not appear to contain the Dsn1 subunit), it has been shown that the depletion of different subunits leads to similar phenotypes, including defects in chromosome alignment, orientation and segregation [31] [32] [33] . Nevertheless, human Nnf1 was found not to be required for chromosome attachment, but rather for the metaphase alignment of chromosomes and for the correct generation of interkinetochore forces [18] .
The KMN network plays a fundamental role in kinetochore-microtubule binding, but it is clear that the structure of this network is not fully conserved between humans and Drosophila. It is of crucial importance to study the function of each individual component of KMN in Drosophila in order to understand the evolutionary adaptations that may have occurred in KMN structure.
Interdependence of checkpoint signalling
Apart from regulating microtubule binding and chromosome motion, the kinetochore is essential for the activity of the SAC (spindle assembly checkpoint). The SAC monitors kinetochore-microtubule interactions and prevents anaphase onset until proper bipolar attachment of all chromosomes is achieved.
Mad1, Mad2, BubR1, Bub1, Bub3 and Mps1 are the major SAC components, most of which are thought to be involved in the assembly of inhibitory complexes at kinetochores that do not fulfil the minimal requirements of microtubule occupancy and tension [34] [35] [36] . In turn, these inhibitory complexes prevent the activation of the APC/C (anaphasepromoting complex/cyclosome), an E3-ubiquitin ligase that targets cyclin B and securin for degradation and allows mitotic exit.
Recent data have suggested an emerging role for the human KMN network in SAC signalling. Initial results demonstrated that depletion of the Ndc80 complex causes mislocalization of Mad1, Mad2 and Mps1 at kinetochores [37] . However, more recent studies have proposed that the mislocalization of Mad1 and Mad2 is a consequence of a misregulated accumulation at kinetochores rather than loss of the Mad1/2 kinetochore-docking site [38] . Interestingly, although in both studies Mad1 and Mad2 cannot be detected, cells still appear to arrest in mitosis in a prometaphase-like state, which demonstrates that there is still some controversy concerning the different phenotypes that can be found with different levels of depletion of Ndc80 and Nuf2. Partial depletion of Hec1 (human Ndc80 homologue) or Nuf2 in HeLa cells may lead to a mitotic arrest, whereas complete depletion appears to abolish SAC activity, allowing cells to progress through mitosis with erroneous microtubulekinetochore attachments [39] . Accordingly, Drosophila Mitch (Spc25) mutant neuroblasts display a microtubule-dependent SAC response, since they exit mitosis when incubated with colchicine, but display a delay in mitosis in asynchronous cell division [40] . Moreover, Mps1 was found to be required for Mad1 and Mad2 localization at kinetochores in human cells [41] . Although catalytically inactive Mps1 can restore kinetochore localization of Mad1, only the active kinase restores Mad2 localization, suggesting that Mps1 kinase activity may regulate a transient Mad2 kinetochore localization. Thus, in human cells, Mps1 catalytic activity is required for the recruitment of Mad2 to kinetochores and consequent SAC function [41] . Nevertheless, the requirement of the Ndc80 complex for the kinetochore localization of Mad1, Mad2 and Mps1 in Drosophila still remains to be explored, although current models propose that the Mad1-Mad2 complex requires the RZZ (Rod-Zw10-Zwilch) complex to localize to kinetochores [42] , thus providing further evidence to support a different kinetochore organization in Drosophila. The role of the Mis12 complex in SAC signalling has not yet been clearly addressed. Studies in human cells show that depletion of the four subunits of the Mis12 complex separately arrest cells in mitosis for long periods of time [33] , although this delay occurs despite a significant reduction in BubR1 levels at kinetochores, suggesting that the SAC may be partly compromised. However, no functional studies involving SAC behaviour and mitotic progression have thus far been reported for Drosophila Mis12 complex components.
The human KNL1 has been shown to contribute to the SAC through interaction with the TPR (tetratricopeptide) motifs of Bub1 and BubR1. Bub1 requires both the Nterminal and middle domains of KNL1 to be targeted to kinetochores, whereas BubR1 binds mainly to the N-terminal domain, which suggests that Bub1 may be the first to bind KNL1, and in a subsequent step BubR1 is recruited. The same study also showed that Zwint-1, a member of the RZZ complex, requires the C-terminal domain of KNL1 to localize to kinetochores [29] . Accordingly, KNL1 depletion causes an accelerated mitosis with severe chromosome mis-segregation and micronuclei formation. The Drosophila homologue of KNL1 Spc105R has been shown to interact with Bub1 in a yeast two-hybrid assay; however, the interaction with BubR1 has not been confirmed [30] . Considering that the Drosophila C-terminal of Spc105R interacts with Mis12 complex components and that Bub1 interacts with Nsl1, a component of the Mis12 complex, it is possible that the anchoring of BubR1 to the kinetochore may be Mis12 complex-dependent [30, 43] .
Taking into account the current data, it is clear that the KMN network forms the base for the localization of SAC components, and two distinct pathways involved in SAC signalling can be envisioned: one tension-sensitive pathway dependent on KNL1/Spc105R and possibly Mis12, and a second pathway involved in monitoring microtubule occupancy, presumably directed by the Ndc80 complex.
Conclusions
A comparison of the protein-protein interactions, dependencies and phenotypes (Table 1) resulting from depletion of the human and Drosophila centromere-kinetochore interface, reveals a number of subtle, yet important, differences that support a model in which Drosophila chromosomes satisfy a minimal centromere-kinetochore interface (Figure 1) . Nevertheless, essential regulation of microtubule binding and SAC functions are equally conserved despite significant divergence between proteins. Surprisingly, Drosophila centromeres do not appear to include the extensive CCAN protein complexes found in vertebrates, rather relying on the structural role of CENP-C for stabilizing CID, the Drosophila CENP-A homologue proposed to serve as a foundation for kinetochore assembly. Furthermore, although KMN function is conserved from humans to Drosophila, at least one subunit of each of the Mis12 and the Ndc80 complexes have not been found in flies, whereas the Drosophila Spc105R has diverged significantly in comparison with its human counterpart. As far as the human kinetochore is concerned, two signalling pathways are clearly defined: one involving Bub1 and BubR1 through a direct interaction with KNL1 (and possibly Mis12) and a second involving Mad1, Mad2 and Mps1 through an Ndc80-dependent pathway which, together, are responsible for generating the kinetochore-based SAC signal. Owing to the scarce data on the specific phenotypes resulting from depletion of individual Drosophila KMN components, it is unclear at this point whether the Drosophila KMN network shares significant homology with the human KMN, specifically in terms of function and outer kinetochore organization. Taken together, the data argue that Drosophila chromosomes favour a simpler centromere-kinetochore interface which helps to identify a minimal chromosome segregation machine.
